The 3(4,5dimethylthiazol2yl)2,5diphenyl tetrazolium bromide (MTT) assay is a routine cell viability assay for cell proliferation and cytotoxicity, which is widely used in many fields, especially in screening for drug discovery. However, this assay exhibits limitations in the presence of particular compounds and under certain assay conditions, which may yield false screening results. For example, polyphenols that are extracted from natural sources can react with MTT in the absence of living cells and thus interfere with the screening results. We measured the absorbance of 15 polyphenols extracted from green tea and showed that the phenolic hydroxyl groups in the polyphenols are responsible for the reduction of MTT to formazan. When three or more phenolic hydroxyl groups were present on a conjugated polyphenol, a significantly increased MTT reduction was observed. Moreover, the type of medium also had an effect on the absorbance value, in the following order: αMEM + 10% FBS> αMEM>DMEM/F12>PBS. The absorbance of the MTT assay recorded at 570 nm is more sensitive than that measured at 595 nm. These results will improve the cellbased assay of polyphenols and clarify the limitations of the MTT assay as a method of screening in drug discovery.
Introduction
3(4,5Dimethylthiazol2yl)2,5diphenyl tetra zolium bromide (MTT) can be reduced by mito chondrial dehydrogenase in living cells to produce insoluble purple formazan crystals. The amount of formazan, which can be quantitatively measured using a spectrophotometer, reflects cell viability [1, 2] .
Based on the correlation between the amount of produced formazan and the number of active cells, the MTT assay is used as a tool to assess cell prolif eration and cytotoxicity. This assay is widely used in the field of biology, especially in highthroughput screening for drug discovery [3] [4] [5] . However, the MTT assay exhibits limitations in the presence of certain compounds and under certain assay conditions, yielding false screening results [6] [7] [8] . Our preliminary data revealed that the use of this assay to screen some compounds extracted from traditional herb medicines led to the identification of falsepositive hits. This was further confirmed using an ATP cell viability assay and microscopic examination of cells. To inves tigate the factors that interfere with the MTT assay, 15 polyphenolic compounds extracted from green tea were used to assess whether the polyphenols themselves affect the results of the MTT assay.
Polyphenols extracted from natural sources are attracting increasing attention due to their bioactivities, such as antioxidation and potential treatment for neurodegenerative disease [9, 10] . We found that the polyphenols reduced MTT directly in the absence of living cells. Moreover, we found that the type of cell culture medium and the filter set of the spectropho tometer had an effect on the results of the MTT assay. Examination under a microscope was also used to confirm the proliferation of cells visually.
MTT cellviability assay
MTT was purchased from Bio Protean Test Tech. (Beijing, China). The primary cell proliferation screening was performed using the MTT assay. Each compound tested in the primary screening was at a final concentration of 10 µg/mL, with three repli cates. The hits from the primary screening were assayed again through a secondary screening for doseresponse. To obtain a doseresponse curve, each hit was brought to a final concentration of 0, 0.12, 0.37, 1.11, 3.33, 10 and 30 µg/mL. After incu bation for 48 h in the presence or absence of the screening compounds, 10 µL of MTT (5 mg/mL) was added to the wells, which were then incubated at 37 °C for 4 h to ensure the complete reduction of MTT to formazan by the mitochondrial dehydro genase in living cells. Subsequently, 100 µL 0.1% NH 4 Cl and 10% dodecyl phenyl sodium sulfonate solution was added to the plates, followed by over night incubation at 37 °C to dissolve the formazan crystals. Absorbance was measured using a Victor 3 V
Multilabel reader (PerkinElmer, U.S.A) with the filter set to 595 nm or 570 nm (reference wavelength, 650 nm).
ATP cell viability assay
The CellTiterGlo ® Luminescent Cell Viability As say kit for the ATP assay was purchased from Promega (Madison, USA). The ATP assay is a con venient and sensitive luminescence based test, similar to the MTT assay [11, 12] . It provides a method to determine the number of viable cells in culture based on the quantification of ATP and allows the direct measurement of samples in the plate using a multiplate reader. Here, we used the ATP assay to confirm the screening results.
HMSCs were plated and incubated, and the addi tion of compounds followed the protocol described for the MTT assay. After an additional 48 h of incubation, the detection protocol included the addi tion of 80 µL of the working solution of the ATP assay, which is a mixture of the CellTiterGlo 
Data analysis
Data are presented as of triplicate samples. Statistical comparisons were performed by oneway ANOVA analysis (Dunnett's posthoc test) using the SPSS software (version 13.0) to compare mean ab sorbance values in the presence or absence of compounds. P<0.05 was considered statistically significant. For the relativity analysis, we used a linear regression model. Statistical analyses were performed using the SAS software, version 6.12 (SAS Institute, Cary, NC, USA).
Results and discussion

Screening hits identified in the MTT assay were not confirmed by the ATP assay
To identify compounds that had a potential to stimulate stemcell proliferation in vitro, we built a "natural compound library" for screening. All com pounds in the library were first screened at a con centration of 10 µg/mL using the MTT assay. The comparison of the absorbance of each compound with the average absorbance of the whole plate allowed us to pick compounds with an absorbance that was more than twofold higher than the standard devia tion of the average absorbance of the whole plate. Three hits (catechin, caffeic acid, and epicatechin) were selected from the primary screening.
These hits were then tested at different concentrations using the MTT assay to obtain a doseresponse curve (Fig. 1A) . The three hits seemed to promote HMSC proliferation in the following order, caffeic acid> catechin>epicatechin, at 10 µg/mL and 30 µg/mL; however, there was no significant effect at lower concentrations.
To confirm these results, we chose to perform an ATP assay, which yielded very different results (Fig. 1B) . The three primary hits did not have similar effect in the ATP assay, as the compounds began to inhibit the growth of HMSCs at 30 µg/mL. This was further confirmed by the visualization of cells under a microscope, which revealed that the three com pounds did not induce cell growth.
Factors that affected the MTT assay: screened compounds, culture medium and filter setup
To identify the causes of the different results obtained using the same experimental design but different assays, the whole process was evaluated. It seemed that some factors interfere with the MTT assay. The three hits were assayed directly in the absence of cells following the same protocol of the MTT assay. All three hits showed similar dose response pattern (Fig. 1A and 1C) . These results clearly showed that the three hits had the ability to reduce MTT to formazan, which indicates that the use of the MTT assay to perform the cell proliferation screening may yield falsepositive hits. A method was developed previously to assess whether the culture medium is one of the interfering factors [13] . MTT was incubated with the hits (10 µg/mL) in DMEM/F12, αMEM, or αMEM and 10% FBS, respectively, which are media commonly used in the culture of stem cells in vitro. The incubation of the three compounds with MTT in PBS revealed no significant difference in absorbance ( Fig. 2A 1 and  2A 2 ) , whereas the absorbance recorded in other culture media showed a significant dosedependent increase, in the following order: αMEM + 10% FBS> αMEM>DMEM/F12>PBS.
The wavelength may also have an effect on ab sorbance in the MTT assay. The absorbance at both 570 nm and 595 nm was evaluated, as most MTT assays use 570 nm or 595 nm filter. Our data showed that the MTT assay yielded a wider range and higher value at 570 nm compared with 595 nm (Fig. 2) , which indicates that the 570 nm absorbance was more sensitive for cell proliferation screening using the MTT assay. For example, the incubation of the three compounds with MTT in αMEM medium led to a higher absorbance, a wider range (in a dosedependent manner), and a smaller SD range at 570 nm compared with the values obtained at 595 nm (Fig. 2B 1 and 2B 2 ) . Thus, we recommend the 570 nm filter for the MTT assay. 
Polyphenols reduced MTT
The hits identified in our screen have a common structural feature: the phenolic hydroxyl group. To test whether polyphenols have an effect on the out come of the MTT assay, we assayed 15 polyphenol compounds extracted from green tea. These poly phenols were divided into 4 groups: phenolic acids, flavanols, flavonols, and flavones. The results of this experiment and the test conditions are provided in Figure 3 .
Our results clearly showed that the reducing ability of polyphenols obeys the following order: gallic acid>caffeic acid>chlorogenic acid>pcoumaric acid (for phenolic acids); EGC>GCG>EGCG>ECG> catechin>epicatechin (for flavanols); myricetin> quercetin>kaempferol (for flavonols); and baicalein> scutellarin (for flavones), which suggests that the absorbance increases with the increase in the number of phenolic hydroxyl groups within the same group of polyphenols (Fig. 3A) . The absorbance remained low when one or two phenolic hydroxyl groups were present on one conjugated system (such as caffeic acid, chlorogenic acid, pcoumaric acid, catechin, epicatechin, kaempferol, and scutellarin); in contrast, it increased significantly when three phenolic hy droxyl groups were present on one benzene ring or a gallic ring (such as gallic acid, ECG, EGCG, GCG, EGC, and baicalein) as well as when three phenolic hydroxyl groups were present on a conju gated flavonol ring (such as quercetin and myricetin). Evidently, the highest absorbance was from the compound that contained both a gallic ring and a flavonol ring, such as myricetin (Fig. 3B) .
In conclusion, although the MTT assay is a useful cell viability assay for cell proliferation and cytotoxicity study and it is widely used in many fields, especially in screening for drug discovery, many factors can interfere with the results, such as compounds that contain polyphenolic hydroxyl groups, types of culture media, and filter sets. For this reason, screening results should be carefully confirmed. Our results will improve the cellbased study of poly phenols and clarify the limitations of the MTT assay for screening. 
